Abstract: Lakes play a very important function in water retention, particularly in areas with strong water deficiency. Water resources in lakes determine the possibility of using them for different purposes, e.g. economic development (irrigation or drinking water, water supply for industry). With ongoing processes causing a reduction in lake capacity (shrinking and shallowing), it is necessary to investigate the scale and rate of decreasing lake resources, in terms of the economic and natural consequences of this process. The aim of the study was to test changes in water resources in lakes situated in the middle and lower River Warta catchment. Special attention was paid to lakes characterised by reduced water resources in order to identify factors contributing to this phenomenon. Our current studies of 127 lakes showed a 10% decrease in water resources over 50 years in the analysed part of the catchment. Our results indicated that the predominant process causing the disappearance of lakes is shallowing. This factor should be monitored carefully to avoid further lake loss.
Introduction
Lakes are a crucial link in the water cycle. One of the important roles of lakes is their water retention capabilities. This is very important in regions where water deficiency is serious and occurs more frequently. Water shortage often occurs due to improper management of the environment, e.g. drainage of wetlands, deforestation, etc.
In Europe, river regulation and agricultural use of rivers and lake floodplains have had a large impact on the dwindling of lakes (Müller et al. 1998; van Puijenbroek et al. 2004; Choiński and Ptak 2009) . The disappearance of hydrodynamic gradients due to the construction of dykes, weirs and other flood defence measures or predominantly due to dams' and levees' constrictions caused the degradation of lakes. Changing land use in lake basins related to urbanisation and impermeabilisation, drainage of agricultural fields, river regulations and reduction in the size of active floodplains are the primary cause of increasing discharge quantities and they also enhance extreme flood events (Pfister et al. 2004; Antheunisse 2007) . A large amount of rainfall in lake basins supports massive discharge into lakes and sustains a strong basin effect on lake levels and water quality (Hu et al. 2007) . Excluding eutrophication, which is recognised as the major factor driving lake disappearance, lakes in mountain areas show rapid filling due to natural processes such as avalanche occurrence (Choiński and Ptak 2009) , water supply from glaciers or snow accumulation, and cyclical modifications in the evapotranspiration regime (Pasquini et al. 2008) . In Poland, lake disappearance is most pronounced in agricultural areas. A good example of changes caused by intensive land use is seen in a large part of the Wielkopolsko-Kujawskie Lakeland.
Unfortunately, the water retention capacity of lakes changes due to the influence of such factors as shallowing and shrinking. Permanent interactions between these processes may, in the near future, prevent the use of lake water resources for economic purposes, i.e. irrigation, filling ponds. Continued lake use accompanied by simultaneous shrinkage of the water volume can accelerate the exhaustion of inviolable resources necessary for the lake functioning. Most studies focusing on changes in water resources in Poland deal with the assessment of lake size (Majdanowski 1954; Mikulski 1965; Jańczak 1984; Choiński 1988) and are based on analyses of individual lakes or groups of several (a maximum of one dozen) lakes (Choiński 2002 (Choiński , 2007 Choiński and Ptak 2009; Ławniczak et al. 2011) . Investigations and studies including a higher number of lakes are essential. Recognition of the major processes triggering lake disappearance and the rate of their loss is crucial for proper management and protection of lake ecosystems.
The aim of the study was to test changes in water resources in lakes situated in the middle and lower River Warta catchment. Special attention was paid to lakes characterised by reduced water resources in order to identify factors contributing to this phenomenon.
Material and methods
Comparative analyses were applied based on materials from the beginning of the 20th century (Schütze 1920; KJP 1954) and from the beginning of the 1960s (Choiński 2006) . In total, 127 lakes from the middle and lower part of the Warta catchment were selected. Table 1 presents the surface area, volume and latitude of the studied lakes within two periods. The final number of chosen lakes depended on available data from both periods. The first sources of data came from investigations carried out by Germen researchers from 1904 -1916 (Schütze 1920 KJP 1954) . The second set of data came from the Institute of Inland Fisheries in Olsztyn and were based on investigations carried out in the 1950s and 1960s (Choiński 2006) .
The database from the initial period of studies was designated here as 1910 and the database from the second period was designated as 1960.
Results
During the first study period (1910), total lake surface was 25304.6 ha (assumed as 100%) and the volume was estimated at 2310.9 hm 3 (assumed as 100%). In the second study period, the lake surface amounted to 23736.0 ha and the volume was 2079.9 hm 3 . It is evident that during the period of 50 years the surface area of the studied lakes decreased by 6.2% and their volume by 10% (Fig.1) .
Of the 127 lakes examined, water resource reduction was observed in 93 reservoirs (73.2% of the total number of lakes). The highest decrease in lake capacity amounting to 47.8% and 44.6% was detected in Prostynia and Stępińskie lakes, respectively.
In comparison with the beginning of the 20th century, 19 lakes increased their retention by almost one fourth. The water capacity of 10 of the studied lakes did not change. In 24 lakes an increase in water resources was detected. The most significant increases in water resources was detected in Lake Piechiewo (over 150%) and Lake Małe (by 100%).
In total over 50 years, lake surface was reduced by 6.2% and volume by 10%. Analyses of water resources within groups of lakes based on surface area showed the most significant changes in the biggest lakes (100-500 ha) (Tab. 2). This group was represented by the highest number of lakes. The richest water resources were accumulated in the group of large lakes, where 30% of total water capacity was stored in four lakes. Unfortunately, all lakes from this group were characterised by a reduction in water resources of 9.9%. Table 3 presents the number of lakes within categories of their surface and water resource changes. The highest number of lakes is found in the group of lakes in which surface area declined by 0-25%, which was accompanied by a similar simultaneous reduction in water resources. The next group of lakes includes the category characterised by a surface increase of 0-25%, accompanied by a decrease in their volume by the same range.
This group as well as the two following groups (25-50 and more than 50) indicate that changes in water resources are influenced significantly not only by apparent shrinking processes but also by shallowing.
Continuous supply of material flowing in from the lake catchment, as well as from outside, together with biomass produced in the reservoir itself, lead to a permanent "lifting" of the bottom and this consequently decreases the capacity of the lake. Table 4 gives examples of lakes where shallowing is responsible for decreased water resources. The surface of the first three lakes in Table 4 did not change over almost 50 years but their volume decreased by 5.9%. During the studied period, the remaining lakes increased their area by 3.6%, although their capacity decreased by a total of 19.5%.
The shallowing occurred in entire basins and the rate of accumulation depended on sediment material, bank slope and dynamics of water in the lake. However, the most sensitive to the shallowing process are lake bays and shallow parts. A good example Abbreviations * numbers according to Choiński (2006) ** data from Schütze (1920) , KJP (1954) *** data IIF (Choiński 2006) is Lake Skorzęcińskie (Fig. 2) . The 5 m isobath "withdrew" significantly, particularly in the isolated parts of the lake (Fig. 2) . Major changes were also observed in the deeper part of the reservoir. The area marked by the 10 m isobath decreased and was divided into three smaller parts. This process could have been caused by sediment slipping on steep slopes, characteristic for a ribbon lake. It was particularly observed along the peninsula in the eastern part of the lake. A schematic diagram of this process is presented in Fig. 3 . Over almost 50 years, the lake surface decreased by 14.8% and its capacity by 20.1%. Chrzypskie Lake is characterised by a different kind of bottom surface change (Fig. 4) . The shore slope was not as steep as in the previous example. The movement of deposited sediments occurred due to Fig.4 . Bathymetry changes to Lake Chrzypskie water transport properties, especially turbulent water movement induced by tributaries, wind, etc.
The role of tributaries in material loading and modelling processes of the lake bottom can be estimated on the basis of the 10 m isobath located in the southern part of the lake. This part of the lake was fragmented at the same level as the river inflow, with a simultaneous change in the outline of the area designated by this depth. However, the stable localisation of the 5 m isobath at the inflow of one of the tributaries is unclear, accompanied by simultaneous changes in further parts of the lake basin. These results indicated that river discharge reduced and lost its transport properties a significant distance from the inflow. In this part, intensive deposition of the transported material appeared. Lake Chrzypskie's surface decreased by 5.8% and its volume by 1.6% during the 50-year study period.
Conclusions
The analyses of water resources showed a very unfavourable reduction in water capacity in the catchment of the River Warta. The disappearance of lakes occurred as a result of two parallel processes: shallowing and shrinking causing loss of water resources in the studied lakes over approximately 50 years by 10%.
The discussed processes of disappearance of the analysed lakes could have been caused by farming intensification and nutrient loading from the catchment area. During the last decade, fertiliser application increased by 34.3% in Wielkopolska Voivodeship (USP 2001 (USP , 2010 . Choiński (2007) and Choiński and Ptak (2009) hypothesised that changes in lake areas may be caused by intensive land improvement, particularly done during the 70s.
Our results indicated that the observed increase in water resources in some lakes was accelerated by an increase in lake areas. Hydrotechnic activities, consisting of water raising by damming in natural lakes for the purposes of increasing water resources can be effective only in the short-term perspective. Processes leading to the "filling" of lakes with organic material occur permanently, particularly in the lowest part in the catchment. Furthermore, the transformation of semi-aquatic or terrestrial environments to aquatic ones, as the result of an increase in water level, may accelerate the process of erosion and deposition of organic matter in the lake basin.
One of the effective methods to increase water resources and reduce lake disappearance is sediment removal. However, this method is rarely used due to its high cost.
In order to reduce the rate of loss of water resources, it will be important to reduce nutrient loading to water bodies and to improve water quality in lakes and tributaries.
The obtained results indicated that one of the major processes causing lake disappearance is the invisible process of shallowing. This factor should be more strongly articulated in studies concerned with lake disappearance.
